Abstract. Hyperglycemia may induce diabetic cardiomyopathy (DC). In the current study, the mechanism underlying the alleviation of high glucose (HG)-induced impairments in the proliferation of H9c2 embryo cardiomyocyte proliferation by small ubiquitin-like modifier 2 (SUMO2) overexpression was investigated. H9c2 cell morphology was identified as classical long shuttle type by optical microscopy. The viability of HG-injured H9c2 cells was evaluated by a Cell Counting Kit-8 assay and the results indicated that viability was inhibited in a dose-dependent (5.6, 10, 20 and 30 mmol/l) and time-dependent (6, 12 and 24 h) manner. H9c2 cells treated with 20 mmol/l HG for 24 h were selected for subsequent experiments due to the extent of injury caused at a low density. Flow cytometry was conducted to confirm cell cycle arrest between G 1 /S phases and apoptosis promotion in HG-injured H9c2 cells, and the subsequent alleviating effect of SUMO2 overexpression on these HG-induced effects. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blot analysis were performed to detect mRNA and protein expression levels of cell cycle-and apoptosis-associated factors. The results indicated that the expression ofthe cell cycle-associated factors CyclinA2 and C-Myc was upregulated, and cyclin-dependent kinase inhibitor 1a was downregulated. The expression of the apoptosis-associated factor Bcl-2 was upregulated, while Bcl-2-associated X and caspase-3 expression was downregulated, by SUMO2 overexpression. Furthermore, the effect of SUMO2 overexpression on the transforming growth factor (TGF)-β/Smad pathway was also determined using RT-qPCR and western blot analysis. The results indicated the mRNA and protein levels of TGF-β1 and Smad3 in HG-injured H9c2 cells were significantly decreased following SUMO2 overexpression. Thus, the results demonstrated that overexpression of SUMO2 may alleviate H9c2 cardiomyocyte cell cycle arrest and apoptosis promotion induced by HG via regulation of cell cycle-and apoptosis-associated factors, as well as inhibition of the TGF-β/Smad pathway. These results may therefore provide a novel strategy for the protection of cardiomyocytes and may aid the diagnosis and prognosis of patients with DC.
Introduction
Cardiovascular disease (CVD) accounts for 16.7 million deaths every year, and is one of the leading causes of deaths worldwide (1, 2) . Hyperglycemia is an important factor in the induction of myocardial dysfunction and heart failure in patients with diabetes (3) . Clinical evidence has demonstrated that elevated blood glucose levels may result in the development of diabetic cardiomyopathy (DC) (4). DC is a major complication that increases the incidence and mortality of patients with diabetes, and is a unique myocardial disease occurring independently of hypertension and coronary atherosclerosis (5) . DC induces ischemic myocardial injury and cardiac hypertrophy, which contributes to the cardiac failure of patients with diabetes (6) , and it is a complication of hypertension and coronary artery disease (7) . In addition, as an independent cause of heart failure, it may be possible to reduce the incidence and mortality of heart failure by preventing cardiac hypertrophy. There are currently no effective treatments for DC; therefore, investigation into the molecular mechanisms of DC and cardiac hypertrophy may identify novel therapeutic strategies for heart failure in patients with diabetes.
The majority of cardiomyocytes stop differentiating and proliferating soon after birth. However, certain cardiomyocytes re-enter into the cell cycle when stimulated by stress (8) , thereby inducing the excessive increase of nucleic acids and proteins. Cell sizes enlarge without increasing cell numbers, eventually inducing cardiac hypertrophy and heart failure (2, 9) . Apoptosis is a major mechanism of cell death that consists of a series of tightly regulated cascades of molecular processes (10) . Sustained hyperglycemia may induce the Overexpression of small ubiquitin-like modifier 2 ameliorates high glucose-induced reductions in cardiomyocyte proliferation via the transforming growth factor-β/Smad pathway apoptosis of cardiomyocytes in patients with diabetes (11, 12) . It has also been demonstrated that cardiomyocyte apoptosis serves a prominent role in the pathogenesis of DC (13) . Small ubiquitin-like modifiers (SUMOs) are highly conserved ubiquitin-like proteins and 18% of their sequence is homologous with ubiquitin. There are four distinct SUMO isoforms (SUMO1, SUMO2, SUMO3 and SUMO4) in mammals (14) . SUMOs primarily function in protein post-translational modification, modify the stability and interactions of proteins and regulate signal transduction (15, 16) . SUMO1 primarily modifies physiological proteins, while SUMO2 and SUMO3 have similar amino acid sequences and primarily modify stress proteins associated with oxidative stress, heat shock and osmotic pressure (17) . The function of SUMO4 remains unclear and its expression is detected in a limited number of tissues, including the kidney, spleen and lymph node (18, 19) . SUMOylation serves important roles in physiological processes and the development of various diseases, including inflammation, cancer and nervous lesions (20) (21) (22) (23) . It has also been demonstrated that SUMOylation serves important roles in the regulation of apoptosis in DC (24, 25) .
Transforming growth factor (TGF)-β is associated with organ fibrosis and hypertrophy (12) (13) (14) . The TGF-β/Smad pathway regulates cell differentiation, proliferation, migration and apoptosis and maybe adjusted by post-translational modifications such as phosphorylation, acetylation and ubiquitylation. It has been demonstrated that the TGF-β/Smad pathway may be activated by high glucose (HG) via regulation of the expression levels of Smad2 and Smad3, and the pathway contributes to the fibrotic interstitium in DC (13, 26, 27) . Previous studies have also indicated that SUMO is involved in the regulation of the TGF-β/Smad pathway (28, 29) . However, the role served by the modifying effect of SUMOylation on the TGF-β/Smad pathway in DC remains unclear.
In the present study, the effect of SUMO2 overexpression on HG-injured cardiomyocyte cell cycle and apoptosis was investigated. The effect of SUMO2 overexpression on the TGF-β/Smad pathway was subsequently evaluated. The results may provide novel insights into SUMO2 as a potential biomarker for the treatment of DC.
Materials and methods
Cell culture. H9c2 rat embryo cardiomyocytes purchased from the American Type Culture Collection (Manassas, VA, USA) were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) and 100 U/ml penicillin/streptomycin (Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C with 5% CO 2 . Cells at logarithmic phase were used in the current study. H9c2 cell morphology was identified under an Olympus DSX100 optical microscope (Olympus Corporation, Tokyo, Japan) at 48 h following treatment (magnification, x100 or 200). RT-qPCR. mRNA expression levels were measured using RT-qPCR. Total RNA was extracted from cells in each experimental group using an RNeasy kit (Qiagen, Inc., Valencia, CA, USA) and cDNA was reverse transcribed with 1 µg RNA at 42˚C, for 60 min, using a QuantiTect Reverse Transcription kit (Qiagen, Inc.), according to the manufacturer's protocol. The qPCR amplification was performed for 15 sec at 95˚C, followed by 40 cycles of denaturation at 95˚C for 15 sec and annealing/extension at 60˚C for 15 sec in an ABI 7300 Thermocycler (Applied Biosystems; Thermo Fisher Scientific, Inc.) using a Fast SYBR Green Master Mix (Applied Biosystems; Thermo Fisher Scientific, Inc.). The quantification was identified by 2 -ΔΔCq (30) . Expression levels were normalized to that of GAPDH; the oligonucleotide primer sequences use dare presented in Table I .
Western blot analysis. Cells were lysed by protein lysis reagent P0013 from Beyotime Institute of Biotechnology (Haimen, China), followed by centrifugation at 10,000 x g for 5 min at 4˚C, and the supernatants containing proteins were collected. Protein concentration was determined by a BCA assay (Beyotime Institute of Biotechnology). Proteins (10 µg) were subsequently subjected to each lane of 12% SDS-PAGE and electro blotted onto polyvinylidene difluoride (PVDF) membranes (GE Healthcare, Chicago, IL, USA). Following blocking with 5% nonfat dry milk in PBS for 1 h at 37˚C, the blotting membranes were probed overnight at 4˚C with primary antibodies including rabbit anti-SUMO2 (1:2,000; ab209822), CyclinA2 (1:2,000; ab137769), CDKN1a (1:1,000; ab109199), C-Myc (1:1,000; ab39688), anti-B-cell lymphoma-2 (Bcl-2; 1:1,000; ab196495), anti-Bcl-2-associated X (Bax; 1:1,000; ab53154), anti-active-caspase-3 (1:200; ab2302), Smad3 (1:1,000; ab84177), TGF-β1 (1:1,000; ab92486) and anti-GAPDH (1:2,500; ab9485) (all from Abcam, Cambridge, UK). Then the membranes were subsequently probed with the appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies: Goat anti-rabbit IgG H&L HRP (1:5,000; ab6721; Abcam). The PVDF membrane was exposed to X-ray film and immunoreactive bands were detected by reaction with enhanced chemiluminescence (ECL) detection system reagent, GE ECL Start (GE Healthcare). The membrane was probed with a monoclonal antibody for GAPDH as the loading control. Band densities were quantified by densitometry with Bio-Rad ChemiDoc XRS + (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Cell cycle analysis. Cell cycle progression was evaluated by propidium iodide (PI) staining. Cells (5.0x10 5 /ml) from each group were trypsinized, washed twice using PBS and fixed overnight at 4˚C in ice-cold 70% ethanol. Following two washes with PBS, cells were incubated in 50 µg/ml PI (Invitrogen; Thermo Fisher Scientific, Inc.) and 100 µg/ml RNase (Thermo Fisher Scientific, Inc.) for 30 min at room temperature. Thereafter, analysis was immediately performed using FACSCalibur flow cytometer and BD CellQuest™ Pro Software (BD Biosciences, Franklin Lakes, NJ, USA). The proportion of cells in G 0 /G 1 , S and G 2 /M phases was subsequently detected.
Apoptosis detection. The apoptosis status of the cells in each group was determined by an Annexin V-fluorescein isothiocyanate (FITC) Apoptosis kit (BioVision, Inc., Milpitas, CA, USA), according to the manufacturer's protocols. Briefly, floating and trypsinized adherent cells (5x10 5 ) from each group were collected and re suspended in 500 µl PBS containing 5 µl Annexin V-FITC and 5 µl PI, and incubated for 5 min in the dark at room temperature. Analysis was subsequently performed using a flow cytometer (BD Biosciences). Cell Quest Pro software (BD Biosciences) was used to analyze the apoptosis rate.
Statistical analysis. Data are presented as the mean ± standard deviation of five independent experiments. Statistical analysis was performed using SPSS 18.0 (SPSS, Inc., Chicago, IL, USA) and data were subjected to one-way analysis of variance followed by a Dunnett's post-hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results
Cell morphology. H9c2 cells are rat embryo myocardial cells. Cell morphology was identified under an optical microscope. Cells grew well and were adherent to the bottom of culture flasks as a monolayer at 48 h following treatment. The majority of cells appeared to exhibit long-shuttle morphology and certain cells had a triangular or irregular morphology (Fig. 1A) . (Fig. 1B) . Therefore, H9c2 cells treated with 20 mmol/l HG for 24 h were selected for subsequent experiments due to the extent of cytotoxicity at a low density (HG group).
Inhibitory effect of HG on

Transfection rates of overexpressed SUMO2 in H9c2 cells.
The transfection efficiency in each group was determined by RT-qPCR and western blot analysis (Fig. 2) . The mRNA and protein levels of SUMO2 were significantly increased in the SUMO2 group compared with the control (P<0.01; Fig. 2 ).
The mRNA and protein levels of SUMO2 in the Vect group transfected with empty vector were not significantly different from the control group (Fig. 2) .
Effect of SUMO2 overexpression on HG-induced H9c2 cell cycle arrest. The viability of HG-treated cells was decreased, therefore, the subsequent effect of SUMO2 overexpression on H9c2 cell cycle progression was investigated by flow cytometry. Treatment of H9c2 cells with HG blocked the cell cycle transition from G 1 to S phase ( Fig. 3A and B) . Fig. 3A and B) . Following SUMO2 overexpression, the cell cycle transition from G1 to S phase Fig. 3A and B) .
Effect of SUMO2 on cell cycle-associated factors in H9c2 cells treated with HG.
To investigate the mechanism by which SUMO2 overexpression protects H9c2 cells from HG-induced cell viability inhibition and cell cycle arrest, RT-qPCR and western blot analysis were performed. mRNA and protein levels of cell cycle-associated factors, including CyclinA2, CDKN1a and C-Myc, were detected in each group. The results indicated that the mRNA and protein levels of CDKN1a were significantly increased in the HG group compared with the control group (P<0.01 and P<0.05, respectively) and significantly decreased in the SUMO+HG group compared with the Vect+HG group (both P<0.05; Fig. 3C-E) . By contrast, the mRNA and protein levels of CyclinA2 and C-Myc were significantly decreased in the HG group compared with the control group (all P<0.01) and significantly increased in the SUMO+HG group compared with the Vect+HG group (P<0.05; Fig. 3C-E) .
Inhibitory effect of SUMO2 overexpression on HG-induced
H9c2 cell apoptosis. The inhibition of apoptosis by SUMO2 following HG treatment was investigated by performing an Annexin V/PI double-stain assay to detect the apoptosis status in each group. The apoptosis rate of the HG group was significantly increased compared with the control group (P<0.01) and the apoptosis rate of the SUMO+HG group was significantly decreased by ~42% of that of the Vect+HG group (P<0.01; Fig. 4A and B) . Thus, the results indicated that SUMO2 overexpression may inhibit the promotion of H9c2 cell apoptosis by HG.
Effect of SUMO2 overexpression on apoptosis-associated factors in H9c2 cells treated with HG.
To investigate the mechanism by which SUMO2 overexpression protects H9c2 cells from HG-induced inhibition of cell viability inhibition and apoptosis promotion, RT-qPCR and western blot analysis were performed to detect mRNA and protein levels of apoptosis-associated factors, including Bax, Bcl-2 and Caspase-3, in each group. The results indicated that the mRNA and protein levels of the apoptosis activating factors Bax and Caspase-3 were significantly increased in the HG group compared with the control group (P<0.01) and significantly decreased in the SUMO+HG group compared with the Vect+HG group (P<0.05; Fig. 4C-E) . By contrast, the mRNA and protein levels of the apoptosis inhibitor Bcl-2 were significantly decreased in the HG group compared with the control group (P<0.01) and significantly increased in the SUMO+HG group compared with the Vect+HG group (P<0.01; Fig. 4C-E) .
Effect of SUMO2 overexpression on the TGF-β/Smad pathway in H9c2 cells treated with HG. The effect of SUMO2 overexpression on downstream effectors in the TGF-β/Smad pathway was also investigated. RT-qPCR and western blot analysis were performed to assess the mRNA and protein levels of TGF-β1 and Smad3. The expression of TGF-β1 and Smad3 mRNA and protein was significantly increased in the HG group compared with the control group (P<0.05) and significantly decreased in the SUMO+HG group compared with the Vect+HG group (P<0.05) (Fig. 5) . These results therefore indicated that SUMO2 overexpression may inhibit cell apoptosis by regulating the TGF-β/Smad pathway in H9c2 cells treated with HG.
Discussion
Hyperglycemia is an inducing factor of DC, which increases the mortality of patients with diabetes and is characterized by cardiac hypertrophy (31, 32) . Investigation of the molecular mechanisms of DC and cardiac hypertrophy may uncover novel therapeutic strategies for heart failure in patients with diabetes. It may be hypothesized that SUMOs may aid in treating DC, as they have an important modification function in physiological process and disease development (17, 33, 34) .
The current study investigated how overexpression of SUMO2 affected HG-induced cardiomyocyte injury, with a focus on the cell cycle and apoptosis. H9c2 rat embryo cardiomyocytes with a classical long shuttle type morphology, identified by optical microscopy, were employed in the current study. The viability of HG-injured H9c2 cells was evaluated by a CCK-8 assay and the results indicated that the viability was decreased in a dose-dependent (0, 5.6, 10, 20 and 30 mmol/l) and time-dependent (6, 12 and 24 h) manner. The degree of inhibition on cell viability with 30 mmol/l HG was more than that of 20 mmol/l, however, the increase was not significant. Therefore, H9c2 cells treated with 20 mmol/l HG for 24 h were selected for subsequent experiments.
The cell cycle is the process by which a cell divides into two daughter cells and it consists of interphase (G 1 , S and G 2 phases) and mitotic (M) phase (35) . Cell cycle regulatory factors, which include cyclin, CDKs and CDK inhibitors, serve critical roles in the regulation of the cell cycle (36) (37) (38) . Different combinations of cyclins and CDKs control cell cycle progression. Cardiac hypertrophy occurs when cardiomyocytes grow without division, during which cell cycle regulatory factors may serve prominent roles (39, 40) . The results of the current study indicated that the cell cycle was blocked between G 1 /S phases when H9c2 cells were treated with 20 mmol/l HG for 24 h and the blocking effect was attenuated by SUMO2 overexpression. RT-qPCR and western blot analysis were performed to determine the underlying molecular mechanisms of this effect of SUMO2 overexpression. The results demonstrated that the expression of the cell cycle activating factors CyclinA2 and C-Myc were downregulated by HG and upregulated by SUMO2 overexpression in HG-injured H9c2 cells. By contrast, the expression of CDKN1a, also termed p21, was upregulated by HG and downregulated by SUMO2 overexpression in HG-injured H9c2 cells. The combination of CyclinA2 with CDKs serves critical roles in the transition of the cell cycle from G 1 /S phase to G 2 /M phase, which promotes cell mitosis (41, 42) , and C-Myc encodes a phosphoprotein that facilitates cell proliferation and differentiation (43, 44) . CDKN1a is a critical negative regulator in the cell cycle that inhibits the activation of Cyclin and CDK complexes (45, 46) . Hence, SUMO2 overexpression may attenuate cell cycle arrest induced by HG in H9c2 cells via regulation of cell cycle-associated factors, by inhibiting the cyclin transition-promoting function of CyclinA2, the cycle promoting function of C-Myc and inhibiting the function of CDKN1a.
In addition to the cell cycle, there is evidence indicating that apoptosis constitutes the prevailing form of myocyte death (47) (48) (49) . Cardiomyocyte apoptosis was reported to be the pathophysiological basis of the development of DC and to account for the high incidence of heart failure (11, 13) .Therefore, it is critical to further investigate the molecular mechanism of cardiomyocyte apoptosis. Annexin V/PI double-stain assay and flow cytometry were performed in the current study to determine whether SUMO2 overexpression affects cell apoptosis stimulated by HG, and the results demonstrated that SUMO2 overexpression decreased the rate of apoptosis induced by HG in H9c2 cells. The results of RT-qPCR and western blotting indicated that the mechanism underlying the aforementioned effects was associated with the regulation of apoptosis-associated factors, including Bax, Bcl-2 and Caspase-3. Bcl-2 facilitates cell mitosis and inhibits apoptosis by regulating the outer membrane permeability of mitochondria (21, 28) . By contrast, Bax facilitates apoptosis by forming a heterodimer with Bcl-2 and inhibiting its function (33, 41, 50) . Caspase-3 is an important member of the caspase family. As a conjunct activating factor in apoptosis signal transduction, it directly participates in cell regulation, signal transduction and late apoptosis (51, 52) . The results of the current study indicated that SUMO2 overexpression activated the apoptosis inhibitor Bcl-2 and inhibited the proapoptotic factors Bax and Caspase-3 in HG-injured H9c2 cells, thereby leading to apoptosis inhibition.
The effects of SUMO2 overexpression on the downstream effectors in the TGF-β/Smad pathway in H9c2 cells was also investigated. The TGF-β/Smad pathway is an effective signaling pathway involved in the acceleration of oxidative stress, apoptosis and inflammation, and is therefore implicated in various diseases, including cardiac fibrosis (26, 53, 54) . Among eight Smad family members (Smad1-8), Smad2/3 and Smad4 are the critical factors in the TGF-β pathway (55) . The SUMOylation of Smad3 and Smad4 have been previously reported to inhibit TGF-β/Smad transcriptional activity (56) (57) (58) . The expression of Smad2/3 was also demonstrated to be regulated by HG in rat renal tubular epithelial or mesangial cells (59) . Therefore, the current study focused on Smad3. The results of the current study indicated that SUMO2 overexpression significantly decreased the expression of TGF-β1 and Smad3 mRNA and protein in HG-injured H9c2 cells, indicating that SUMO2 may function in the TGF-β/Smad pathway by inhibiting the activities of TGF-β and Smad3 in myocardial cells under HG stress conditions to inhibit cell apoptosis.
In conclusion, a HG-injured H9c2 cardiomyocyte model was established in the current study to investigate how SUMO2 overexpression alleviates cell cycle arrest and apoptosis promotion induced by HG, and the results demonstrated that this may occur via regulation of cell cycle-and apoptosis-associated factors, as well as inhibition of the TGF-β/Smad pathway. SUMO2 is downregulated by HG, therefore, it was over-expressed in the present study in order to recover it. Future studies are required to knockdown SUMO2 and to determine the effect of SUMO2 on the SUMOylation of associated factors. However, the results of the current study indicate that SUMO2 may be a potential biomarker of an important endogenous protection factor in cardiomyocytes, which may provide novel insights for the protection of cardiomyocytes and may aid in the diagnosis and prognosis of patients with DC.
